magnetochemistry ﬁw\b\py

Article

Elaboration of Luminescent and Magnetic Hybrid
Networks Based on Lanthanide Ions and Imidazolium
Dicarboxylate Salts: Influence of the

Synthesis Conditions

Pierre Farger, Cédric Leuvrey, Mathieu Gallart, Pierre Gilliot, Guillaume Rogez, Pierre Rabu *
and Emilie Delahaye *

Institut de Physique et Chimie des Matériaux de Strasbourg, Université de Strasbourg, CNRS UMR 7504,
F-67034 Strasbourg CEDEX 2, France; pierre.farger@ipcms.unistra.fr (P.F);
cedric.leuvrey@ipcms.unistra.fr (C.L.); mathieu.gallart@ipcms.unistra.fr (M.G.);
pierre.gilliot@ipcms.unistra.fr (P.G.); guillaume.rogez@ipcms.unistra.fr (G.R.)
* Correspondence: pierre.rabu@ipcms.unistra.fr (P.R.); emilie.delahaye@ipcms.unistra.fr (E.D.);

Tel.: +33-3-8810-7130 (P.R. & E.D.); Fax: +33-3-8810-7247 (PR. & E.D.)

Academic Editor: Kevin Bernot
Received: 7 November 2016; Accepted: 13 December 2016; Published: 22 December 2016

Abstract: The syntheses and characterization of four new hybrid coordination networks based
on lanthanide ions (Ln = Nd, Sm) and 1,3-carboxymethylimidazolium (L) salt in the presence of
oxalic acid (Hpox) are reported. The influence of the synthesis parameters, such as the nature of
the lanthanide ion (Nd3* or Sm?*), the nature of the imidazolium source (chloride [H,L][Cl] or
zwitterionic [HL] form) and the presence or not of oxalic acid (H,0x), is discussed. In the presence
of oxalic acid, the samarium salt gives only one compound [Sm(L)(0ox)(H20)]-H,O, whatever the
nature of the imidazolium ligand, while the neodymium salt leads to three different compounds,
[NA(L)(0x)(H20)]-H20, [Nd(L)(0x)0.5(H20)2][Cl] or [Nd(L)2(0x)(NO3)(H20)3][NOs], depending
on the imidazolium ligand. In the absence of oxalic acid, gels are obtained, except for the reaction
between the neodymium salt and [H,L][C]], which leads to [Nd(L)(ox)(H,O)]-H,O. All compounds
crystallized and their structures were determined by single crystal diffraction. The description
of these new phases was consistently supported by ancillary techniques, such as powder X-ray
diffraction, thermal analyses and UV-visible-near infrared spectroscopy. The luminescent and
magnetic properties of the three pure compounds [Sm(L)(ox)(H,O)]-H,O, [Nd(L)(ox)(H,O)]-H,O
and [Nd» (L), (0ox)(NO3)(H,0)3][NO3] were also studied.

Keywords: hybrid coordination networks; lanthanide ions; luminescence; magnetic properties

1. Introduction

Hybrid coordination polymers have been the subject of intense research for a few decades.
Primarily investigated for their porosity and related properties, coordination polymers are promising
for many applications, like gas separation and storage, catalysis or drug delivery, for example [1-5].
The versatility of the synthesis of such metal coordination polymers is now exploited to generate
new functional hybrid networks with specific electronic properties (luminescence, magnetism,
conductivity, etc.) [6-10].

Compared to the first row transition metals, the coordination number of 4f elements is more
diverse. Even if a wide range of coordination numbers for lanthanides can make the prediction and
control of the final structure of the networks difficult, it can be an advantage for the generation of
(multi)functional systems. This (multi)functionality stems essentially from the intrinsic physical
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properties of the lanthanide ions. Especially due to luminescent properties, lanthanide-based
compounds can be used in many potential applications, such as light-emitting devices, sensing,
imaging agents in the biomedical area, as well as solar energy conversion [11-16]. Among the different
networks based on lanthanides, those containing Tb3* and Eu®* ions are certainly the most studied
since they exhibit a characteristic green and red emission, respectively [17,18]. Moreover, lanthanide
ions present a strong magnetic anisotropy, which confers them interesting magnetic properties, such as
single molecule magnet or single chain magnet behavior [19-21].

The synthesis of hybrid coordination networks is very versatile since different parameters, such as
the solvent, the temperature, the pH, the nature and the concentration of the reactants, can have a
great influence on the final product [1,22]. Recently, the synthesis of hybrid coordination networks has
been realized in ionic liquid media, which is called ionothermal synthesis. The use of ionic liquids
(belonging to the family of the imidazolium or ammonium salts, for example) allows obtaining new
compounds that are only available in these kinds of conditions [23-25]. However, real control of
ionothermal synthesis is still limited, especially because the role of ionic liquids, acting as a solvent,
structuring agent or charge compensator, or even a combination of these three possibilities, is rather
unpredictable. To circumvent this problem, we have chosen to design imidazolium salts functionalized
by carboxylate functions to force the role of the imidazolium salts to that of the ligand. Such a method
has already proven its efficiency to get hybrid networks [26-30].

We have recently reported the synthesis of two isostructural hybrid coordination networks based
on transition metal ions (M = Co?*, Zn?*) [31] and a series of uranyl hybrid coordination networks [32]
in the presence of the imidazolium dicarboxylate salt named 1,3-bis(carboxymethyl)imidazolium
chloride or [H,L][C]]. To go further into the exploration and the understanding of such a system, we
analyzed the behavior of the lanthanide ions, and in particular, we investigated the behavior of the
Nd>* and Sm>* ions.

In this paper, we report the effect of the nature of the imidazolium salt (either [H,L][C]] or
2-(1-(carboxymethyl)-1H-imidazol-3-ium-3-yl)acetate denoted [HL]) on the structure of lanthanide-based
compounds obtained by the reaction with Nd(NO3)3-6H,O or Sm(NO3)3-6H,O in the presence of oxalic
acid (Hpox) in a water/ethanol mixture. The effect of the presence of oxalic acid is also investigated.

2. Results and Discussion

2.1. Crystal Structure of [Ln(L)(ox)(H,0)]-H,0 with Ln = Nd** or Sm>*

The diffraction analysis reveals that the compounds [Nd(L)(ox)(H,O)]-H,O and
[Sm(L)(ox)(H20)]-HpO are isostructural (see Table 1 and Figure S1). Consequently, only the
structure of [Nd(L)(ox)(H20O)]-H,O will be described below. [Nd(L)(ox)(H2O)]-H,O crystallizes in
the triclinic space group P-1 (No. 2) with the parameters a = 8.010(3) A, b=9203(3) A, c=9.523(2) A,
o =79.910(20)°, = 72.043(16)° and y = 89.270(20)°.
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Table 1. Crystal data and structure refinement for [Sm(L)(ox)(H,O)]-H,O, [Nd(L)(0x)(H,0O)]-H,O, [Nd;(L)2(0x)(NO3)(H,0)3]1[NO3] and [Nd(L)(0x)g 5(H20)1[Cl].

Compound [Sm(L)(ox)(H,0)]-H,O [Nd(L)(ox)(H,0)]-H,O [Nd2(L)2(0x)(NO3)(H,0)31INO3] [Nd(L)(0x)g,5(H0),1[C1]
Formula C9H7N20105m C9H7N2010Nd C16H14N6021Nd2 C8H7N208C11Nd
Crystal size (mm?) 0.156 x 0.108 x 0.094 0.131 x 0.056 x 0.052 0.084 x 0.048 x 0.047 0.132 x 0.082 x 0.054
Formula weight (g~molf1) 453.52 447 41 914.81 451.68
Temperature (K) 293(2) 293(2) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1 P-1
Unit cell dimension
a(A) 7.9948(9) 8.010(3) 8.076(3) 7.9870(10)
b (A) 9.2408(15) 9.203(3) 12.545(4) 8.534(3)
c (A) 9.434(2) 9.5230(19) 15.713(3) 11.259(3)
x (°) 80.411(13) 79.91(2) 71.896(18) 71.961(17)
B (°) 71.829(11) 72.043(16) 82.14(2) 84.27(2)
v (°) 89.793(10) 89.27(2) 75.62(3) 68.045(18)
V (A%) 652.1(2) 656.8(3) 1462.7(8) 676.7(3)
V4 2 2 2 2
Deate (g-em™2) 2.310 2.262 2.077 2.154
Absorption coefficient (mm~1) 4.345 3.981 3.585 4.040
F(@©O00) 434 430 880 420
—-9<h<10 —10<h<6 —7<h<10 —10<h<10
Index range —11<k<12 —11<k<11 —-13<k<16 —11<k<9
-12<1l<11 -12<1l<11 —-17<1<20 —14<i<14
Collected reflections 6075 6785 15481 6346
Independent reflections (Rint) 2983 (0.0382) 3005 (0.0518) 6677 (0.0840) 3091 (0.1740)
Observed reflections (I > 20(I)) 2662 2725 3882 2334
Refinement method Full matrix least square on F,

Final R indices (I > 20(I))
Final R indices (all data)
S

R1=0.0297, wR2 = 0.0632
R1=0.0387, wR2 = 0.0674

Full matrix least square on F,
R1=0.0289, wR2 = 0.0667
R1=0.0352, wR2 = 0.0697

Full matrix least square on F,
R1 =0.0699, wR2 = 0.1366

Full matrix least square on F,
R1=0.0802, wR2 =0.1828

R1=0.1517, wR2 = 0.1665 R1=0.1134, wR2 = 0.2089
1.087 1.074 1.051 1.076
(Dr)max, min (e-A~3) 1.436, —1.546 0.985, —1.643 4237, -1.229 2.860, —3.995
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In the refined model, the asymmetric unit (Figure 1) contains one Nd>* cation, one fully-deprotonated
L™ ligand, two half oxalate ligands, one coordinated water molecule and one non-coordinated
water molecule distributed on two positions (O10A and O10B) with the occupancy rates of 0.54
and 0.46, respectively.

Figure 1. Ellipsoid view of the asymmetric unit of [Nd(L)(ox)(H,0)]-H,O (red: oxygen; grey: carbon;
blue: nitrogen; H: hydrogen; and green: neodymium).

In the network, Nd>* ions are surrounded by nine oxygens in a distorted monocapped square
antiprism. Oxygen atoms belong to three different imidazolium ligands (four oxygens), two different
oxalate ligands (four oxygens) and one to the coordinated water molecule. One imidazolium ligand
coordinates three Nd3* ions and displays a p3-p203; k2030,; k’O; coordination mode (Figure 2).
One carboxylate function of the imidazolium ligand is coordinated in monodentate mode (O1).
The second carboxylate function of the imidazolium ligand bridges two Nd3* ions by O3 while it is
coordinated to one Nd** ion with O4. The oxalate ligand coordinates two Nd** ions in bis-bidentate
bridging mode as already reported [33]. These different modes of coordination give rise to dimers
of lanthanide ions. These dimeric units are extended in a two-dimensional (2D) network with layers
parallel to the a0Oc plan through oxalates with perpendicular orientation and di-oxo bridges (Figures 2
and 3a). The cavities of the network are filled by free water molecules almost equally distributed on
the two different positions O10A and 10B (Figures 2 and 3b).

Figure 2. Selected view showing the different coordination modes in the structure of
[NA(L)(0x)(H20)]-HO (red: oxygen; grey: carbon; blue: nitrogen; and green: neodymium). H atoms are
omitted for clarity.
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Figure 3. Selected packing view of the crystal structure of [Nd(L)(ox)(H,O)]-H,O showing:
(a) the 2D character along the c axis; and (b) the cavities of the network along the b axis (red: oxygen;
grey: carbon; blue: nitrogen; and green: neodymium). H atoms are omitted for clarity.

The Nd-O distances range from 2.413(3) A t02.731(3) A (and from 2.385(4) to 2.716(3) A for the
compound [Sm(L)(ox)(H,0)]-H,O). These bond lengths are comparable to those observed in similar
compounds [26,34]. Nd-Nd distances are equal to 4.221(1) A (4.189(1) A for Sm-Sm) through the O3
di-oxo bridge and 6.285(1) A (6.234(1) A for Sm-Sm) through the oxalate ligand.

2.2. Crystal Structure of [Nd»(L)(ox)(NO3)(H,0)3][NOs]

The compound [Nd(L)(0x)(NO3)(H,0O)3][NOs3] is obtained as colorless crystals. It crystallizes in
the triclinic space group P-1 (No. 2) with the parameters a = 8.076(3) A, b=125454) A, c =15.713(3) A,
o« = 71.896(18)°, B = 84.14(2)° and v = 75.62(3)° (see Table 1 and Figure S1). The asymmetric unit
contains two Nd3* ions, two L™ ligands, two nitrate anions (one coordinated and one non-coordinated)
and three coordinated water molecules (Figure 4).

20

Figure 4. Ellipsoid view of the asymmetric unit of [Nd(L)(0x)(NO3)(H20)3][NO3] (red: oxygen; grey:
carbon; blue: nitrogen, H: hydrogen; and green: neodymium).
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The Nd1 ion is surrounded by nine oxygen atoms belonging to two different imidazolium ligands
(O1 and O11), one oxalate ligand (O13 and O9), two coordinated water molecules (O6 and O7) and
one nitrate anion (O15 and O12). The Nd2 ion is also surrounded by nine oxygen atoms belonging to
three different imidazolium carboxylates (02, O3, O4, O4 and O5), one oxalate ligand (O8 and O10)
and two coordinated water molecule (O16 and O21). The two Nd>* ions exhibit a tricapped trigonal
prism coordination polyhedron.

The Nd1 and Nd2 ions in the asymmetric unit are connected by the oxalate ligand (010, O8, O9
and O13) in a bis-bidentate bridging mode. The carboxylate functions (O1 and O2, O14 and O5) of
two different imidazolium ligands link together asymmetric units along the a axis.

The Nd1 ions are linked together through the carboxylate functions (O11 and O6) of two different
imidazolium ligands in a bridging bidentate mode (the Nd1-Nd1 distance is 5.20 A), whereas the
Nd2 ions are interconnected by the carboxylate functions of two other ligands (the Nd2-Nd2 distance
is 10.88 A) (Figure 5). These carboxylate functions are involved in a bidentate chelate coordination
mode through O3 and O4 and in a bridging bidentate coordination mode through O4 (Figure 5).

12

/736

£

Figure 5. Selected view showing the different coordination modes for the compound
[Nd2(L)(0x)(NO3)(H20)3][NOs] (red: oxygen; grey: carbon; blue: nitrogen; and green: neodymium).
H atoms are omitted for clarity.

As for the nitrate anions, one is coordinated to Nd1 in a bidentate chelate mode, while the
second is free as previously reported for the compound [Nd(L),(H,0),][NO3].3H,O [26]. The bidentate
chelate coordination mode of the nitrate anion is often reported in the literature [35,36]. Moreover,
the imidazolium ligand is coordinated in a trans mode contrary to the previous structure
[Ln(L)(0x)(H,0)]-H,O with Ln = Nd3* or Sm3* where a cis mode is observed. The trans mode
gives rise to a 3D structure showing staircase linking of the Nd>* ions/oxalate chains (see Figure 6).
The free nitrate anions are located in the cavities of the structure. The Nd-O distances vary from
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2.360(8) A to 2.800(10) A, and the Nd-Nd distances are equal to 4.943(2) A and 6.413(2) A. These
distances are comparable to those observed for the previous compound [Nd(L)(ox)(H20)]-H,O.

Nd2

Nd2
W

Nd2
w

Figure 6. Selected view along the a axis showing different coordination modes in [Nd;(L)(0x)(NO3)(H,0)3]
[NOs] (red: oxygen; grey: carbon; blue: nitrogen; and green: neodymium). H atoms are omitted for clarity.

2.3. Crystal Structure of [Nd(L)(0x)g 5(H,0),][Cl]

The compound [Nd(L)(0x)5(H20),2][Cl] is obtained as colorless crystals. It crystallizes in the
triclinic space group P-1 (No. 2) with the parameters a = 7.987(1) A, b=8534(3) A, c =11.259(3) A,
a=71.961(17)°, p = 84.270(20)° and y = 68.045(18)° (see Table 1). The asymmetric unit contains one
Nd3* ion, one ligand L™, one half oxalate ligand, one free chloride anion and two coordinated water
molecules (Figure 7). In this structure, the Nd** ions are surrounded by nine oxygens belonging to
two water molecules (O6 and O8), one oxalate ligand (O3 and O4) and three different imidazolium
ligands (01, O2, O5, OSX,y,_lJrZ and O7). The two carboxylate functions of each imidazolium ligand
show different coordination modes. One carboxylate function coordinates two Nd ions through O1
and O7 in a bridging mode (O1, O7), while the second coordinates two Nd ions through O2 and O5 in
a chelating bridging mode (p05; k20502).

Figure 7. Asymmetric unit of [Nd(L)(0x)o5(H0)2][C]] (red: oxygen; grey: carbon; blue: nitrogen;
H: hydrogen; and green: neodymium).
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These different coordination modes are alternated, leading to the formation of a chain of dimeric
units linked together by the oxalate ligand forming sheets parallel to the a,b plane. In addition, each
chain is linked to another by the imidazolium ligand giving rise to a tridimensional network (Figure 8a).
The chloride anion is present in the cavities of the network and is involved in hydrogen bonds with
the coordinated water molecules (Figure 8b).

N N b
(a)»{x{ (b)

Figure 8. Selected view: (a) of the packing along the a axis; and (b) of the hydrogen bondings between
the chloride anion and the networks (blue line) in [Nd(L)(0x)g 5(H2O),][Cl] (red: oxygen; grey: carbon;
blue: nitrogen; and green: neodymium). H atoms are omitted for clarity.

The Nd-O distances vary from 2.364(9) A to 2.714(8) A, and the Nd-Nd distances are equal
t0 4.987(2) A and 6.415(2) A through imidazolium and oxalate, respectively. These distances are similar
to those observed in the previous compound [Nd(L)(ox)(H,O)]-H,O. Though the crystalline structure
was determined for the compound [Nd(L)(0x) 5(H20);][Cl], the physical properties are not presented
in the following since this compound was not obtained as a pure phase (Figure S2).

The peculiar mixed bridging-chelating coordination mode of the carboxylates encountered in
both [Nd;(L)(0x)(NO3)(H,0)3][NOs] and [Nd(L)(0x) 5(H20),][C]] is reminiscent of that reported in
other structures involving lanthanide ions (La®*" or Dy3*) and linear imino diacetic acid [37]. In the
latter, a “pillared” structure was observed, the ligand linking lanthanide layers; while in the present
case, due to the geometry of the 1,3-carboxymethylimidazolium ligand, a staircase linking is observed
between adjacent chains.

All features in the FTIR powder spectra are consistent with the single crystal structures (Figure S3)
and the SEM analyses in composition mode confirm the composition of the different structures (Figure 54).

2.4. Thermal Analyses

The thermal analyses of the three compounds [Nd(L)(ox)(NOs3)(H;0)3][NO3],
[Nd(L)(0ox)(H,0)]-H,O and [Sm(L)(0x)(H,O)]-H,O are reported in Figure 9.

The thermal analysis of [Sm(L)(ox)(H20)]-H,O reveals a first endothermic weight loss at 240 °C
corresponding to the departure of the uncoordinated and the coordinated water molecules (calc. 7.87%;
exp. 7.70%). The second weight loss observed between 300 °C and 800 °C is associated with exothermic
peaks and corresponds to the decomposition of the organic species (i.e., oxalate and imidazolium
ligand) and the formation of the oxide SmyOs (calc. 58.62%; exp. 57.25%). [Nd(L)(ox)(H,O)]-H,O
shows a similar behavior. It shows a first exothermic weight loss at 190 °C corresponding to the
loss of the water molecules (calc. 7.98%; exp. 8.98%) and a second one between 300 °C and 700 °C
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(calc. 59.48%; exp. 57.93%) corresponding to the decomposition of the organic species and the formation
of Nd;O3. Concerning [Nd;(L)(0x)(NO3)(H20)3][NOs], the first weight loss between 35 °C and 140 °C
corresponds well to the departure of nitric acid (calc. 5.87%; exp. 5.43%). This loss is immediately
followed by an endothermic event between 130 °C and 240 °C, which corresponds to the departure
of the two water molecules and one hydroxide (calc. 6.73%; exp. 5.94%). The successive exothermic
weight losses between 200 °C and 650 °C correspond to the decomposition of the organic species
(i.e., imidazolium and oxalate ligands) and the nitrate concomitant with the formation of Nd,O3
(calc. 50.84%; exp. 52.79%).

100
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Figure 9. TGA (solid lines) and TDA (doted lines) of [Nd,(L)(0ox)(NO3)(H,0O)3][NO;3] (blue),
[Nd(L)(ox)(H20)]-HyO (red) and [Sm(L)(0x)(H,O)]-H,O (orange).

2.5. UV-Visible-NIR Spectroscopy

The UV-visible-NIR spectra for the compounds [Ndy(L)(ox)(NOs3)(H;0)3][NO;3],
[Nd(L)(ox)(H20)]-Hy0 and [Sm(L)(ox)(H,0)]-H,O are displayed in Figure 10, while the assignments
of the bands are reported on Table 2.

(a) (b)
Zsf’ 10
- 7| A ,
= s ool i 13 44
S s 12
= S
< &
@
& 3
Il 1 1 1 1 1 1 1 Il 1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm)

Figure 10. UV-visible-NIR spectra of the compounds: (a) [Nd;(L)(0x)(NO3)(H;0)3][NO3] (blue line),
[Nd(L)(ox)(H20)]-H,O (red line); and (b) [Sm(L)(0x)(H,0O)]-H,O (orange line).
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Table 2. Assignment of the bands for the compounds [Nd,(L)(ox)(NO3)(H,0);3][NOs],
[Nd(L)(ox)(H,O)]-H,O and [Sm(L)(ox)(H,O)]-H,O.

Band Number [Nd,(L)(0x)(NO3)(H,0)31INO3] and [Nd(L)(0ox)(H,O)]-H,O [Sm(L)(ox)(H,0)]-H,O
1 . 356 rzlm ] 318 r}lm
Iy/2—Dy /2 Hs/2—"F11/2
» . . 4262 nm s , ] 344 r13m
Io/2—=%Gr1/2 + “Kis/2 + “P3/2+° D3 Hs/,>—"Hz /2
3 . 524 nm 362 nm
lo/»—?Go > ®Hs/2—*Fo 2
4 A 280 nm R . 376 n4m
Io/o—=%Gz/2 +°Gyp2 Hs/>—"Ds/2
5 . 626 ?m ] 404 rlm
lo/2—="Hi1/2 Hs/»—*Ky1/2
6 . 680 r}lm ] %18 nm .
lo/2—=*Fg/2 Hs/2—"Ps5/2 + *My9 /2
7 . 7%4 nm4 ] 4:10 nm \
Io/2—=*F7/2, %532 Hs/2—=*Go/2 +*L15,2
8 . 728 nm2 ] 4?4 nm A
lo/2—=*F5/2, “Hg > Hs/2—%Fs5/2 + "L13,2
9 \ 870 rlm ] 378 nm .
lo/2—=*F3,2 Hs/2—"T11/2 + *Mis,2
10 . 1624 i\m ] 950 n6m
lo/2—="T15/2 Hs/2—"F11/2
1 ~ ] 1088 rém
Hs/2—"Fy /2
1 ~ ] 1240 n6m
Hs/2—"F7/2
13 ~ ] 1390 n6m
Hs/2—"Fs/2
14 ~ ] 1496 é‘lm
Hs/2—"His/2
15 _ . 1562 Iém
Hs/2—"F3/2

The three spectra show a common band centered at 220 nm due to the intraligand 7t-7t* transition
of the imidazolium ligand [26,31,38].

The compounds [Nd,(L)(0x)(NO3)(H20)3][NO3] and [Nd(L)(0ox)(H,O)]-H,O present identical
bands assigned to the transitions from the ground state 41, /2 to the excited states D /2 4Gy 2+ 2Ky5 /2
+ P35 + *Dasa, *Goya, *Gyya + *Gyya, "Huya, *Fosa, *F72, #8372, *Fs 2, "Hop, *Fa o and 155 of the
Nd3* ion [39,40].

The compound [Sm(L)(ox)(H,O)]-H,O shows also several bands assigned to transitions from the
ground state ®Hs /, to excited states Fyq 5, 3Hy /2, 4Fg 2, 4Ds /2 *Kq1 /2, ®Ps /0 + *Myg /9, 4Fs5/0 + 41132,
11/2 + *Mi52, °F11 /2, ®Fg 2, OF7 2, ®Fs5 2, ®Hys /5 and °F3 5 of the Sm>* ion [41,42].

2.6. Luminescent Properties

The luminescent properties of [Sm(L)(ox)(H,O)]-H,O, [Nd(L)(ox)(H,0)]-H,O and [Nd,(L)(0x)
(NO3)(H20)3][NOs] have been investigated in the solid state at room temperature.

The luminescence (excitation and emission) spectra of [Sm(L)(0ox)(H,O)]-H,O are displayed in
Figure 11. The excitation spectra (monitored for Aem = 404 nm) show seven peaks corresponding to
the transitions from the ground state of the Sm3* ion, °Hj /2, and excited states, 4F, /2 (364 nm), 4Ds /2
(377 nm), *Gy3,5 (391 nm), 4Ky /5 (404 nm), °Ps /5 + *Myg/5 (417 nm), *Gg /5 + *I15/, (441 nm) and
4F; /o + 445 /2 (464 nm). The emission spectra (excitation at Aex = 440 nm) show the typical band for the



Magnetochemistry 2017, 3, 1 11 of 20

Sm3* ion assigned to the transition from the emitting level 4Gs »to ®Hs /2 (572 nm), °H, /2 (598 nm),
®Hg 5 (644 nm), °Hy1 /» (706 nm) and °F; /, (827 nm). The transition observed at 572 nm has a magnetic

dipole character [40].
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Figure 11. (a) Excitation spectrum (red line) and emission spectrum (blue line); and (b) assignment of
these transitions for the compound [Sm(L)(ox)(H,O)].

The emission spectra of [Nd,(L)(0x)(NO3)(H20)3][NOs] are displayed on Figure 12. The spectra
show a broad band between 400 nm and 550 nm with a maximum at 433 nm, which is attributed to the
luminescence of the imidazolium ligand [31]. The bands observed between 550 nm and 1100 nm are
assigned to the transitions 2G7/2 + 2G5/2 — 419/2 (573 nm), 2H11/2 — 4111/2 (620 nm), 453/2 + 4F7/2 —
111 /2 (730 nm) and *F3 /5 — *Ig/, (900 nm) and are characteristic of the Nd** ion [40,42].

The compound [Nd(L)(ox)(H,O)]-H,O does not display luminescence. This quenching of
luminescence may be due to the presence of the uncoordinated water molecules in the interstitial sites,

as previously reported [42,43].
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Figure 12. (a) Emission spectrum; and (b) assignment of these transitions for the compound
[Nd2(L)(0x)(NO3)(H20)3][NO3].
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2.7. Magnetic Properties

The magnetic properties of [Sm(L)(ox)(H20)]-H,O and [Nd;(L)(0x)(NO3)(H20)3][NO3z] were
recorded under a 0.5 T DC field.

The xT product for [Sm(L)(ox)(H2O)]-H,O decreases linearly from 0.37 emu-K-mol~! at 300 K
to 0.02 emu-K-mol~! at 1.8 K (see Figure 13). The value of the XT product at 300 K is the expected
value for the isolated Sm3* ion (S = 5/2, g7 =2/7) [44]. At52K, the value of the xT product is equal
to 0.09 emu-K-mol !, which is the theoretical value for the Sm3* ion in its ground state, ®Hs /2 [45].
The value at 1.8 K is smaller, suggesting the presence of weak antiferromagnetic interactions between
Sm>* ions [33]. The Sm3* ions exhibit strong spin-orbit coupling. To evaluate this coupling, we have fit
the magnetic data by using a free ion approach for which the analytical expression of the susceptibility
XM can be found [45]:

2.143x + 7.347 + (42.92x + 1.641) exp(—3.5x) + (283.7x — 0.6571) exp(—8x)+
(620.6x — 1.94) exp(—13.5x) + (1122x — 2.835) exp(—20x) + (1813x — 3.556) exp(—27.5x)
3+4 exp(—3.5x) +5 exp(—8x) + 6 exp(—13.5x) + 7 exp(—20x) + 8 exp(—27.5x)

)

XM =

where A is the spin-orbit coupling, N the Avogadro number, 3 the Bohr magneton, k the Boltzmann
constant and x = A/kT.
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Figure 13. Plots of x (closed circles) and xT (open circles) versus T for [Sm(L)(0ox)(H20)]-HyO. The red
curves correspond to the fit of the data following the expressions mentioned in the text.

Fitting the x vs. T curve with the above expression was not successful. We thus took into account

a mean magnetic interaction between z neighboring Sm3* ions zJ'. The expression of the susceptibility
then becomes:

X = XM )

2 !

where g is the Zeeman factor for Sm** ions. A good fit of the magnetic data was obtained between
300 K and 25 K with the best refined values A = 256.5(2) cm ™! and z]’ = —4.11(3) cm~!. These values
are consistent with other values reported in the literature [33,44].

The spin-orbit coupling parameter allows then to determine the gap between the °Hs , ground
state and the first excited state °Hj /2 of the Sm3* ion. The gap is given by E =7A/2 = 898(1) cm ™! [46].
This value is consistent with the value determined by the emission spectra (760 cm~!) despite the free
ion approximation.
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The magnetic behavior of [Nd,(L)(0x)(NO3)(H,0)3][NOs3] is presented in Figure 14a. The xT
product decreases from 1.51 emu-K-mol~! at 300 K to 0.72 emu-K-mol~! at 1.8 K. The magnetic
behavior of [Nd(L)(ox)(H,0)]-H,O presented in Figure 14b is similar. The xT product decreases from
1.37 emu-K-mol ! at 300 K to 0.58 emu-K-mol ! at 1.8 K.

1.6
a
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g 0250 1.2 E g <
= F g g
g 0.20 £ £ 0.15 11.0 3
S s = <
1.0 = =
= 0.15 = 0.10 =
0.10 I b 08
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Figure 14. Plots of x (open circles) and xT (closed circles) versus T for: (a) [Nda(L)(0x)(NO3)(H20)3]
[NOs]; and (b) [Nd(L)(0ox)(H,O)]-HO. The red curves represent the fit of the magnetic data.

Such behavior is commonly encountered for the isolated Nd3* ion [33,47-49]. The values of the
xT products at 300 K are close to that expected for the free Nd>* ion (1.64 emu-K-mol ! for g; = 8/11).
The decreasing of the xT product stems from the thermal depopulation of the low lying crystal-field
states. For the Nd3* ion, the first excited state is located at 2000 cm ! above the ground state, and then,
only the ground state is thermally populated even at 300 K. To go further, we have considered that
Nd3* ions may exhibit a splitting of m; levels in an axial crystal field. The magnetic susceptibility can
be described with the following expression [50]:

Ng2 52 0.5 exp( 025A>+45 exp( 225A)—&-125 exp( 625A>+245exp( 1225A>+405exp( 2025A)
2kT exP( 025A>+exp( ZszsA).pexP( 6,;%5A)+EXP<L25A)+EXp< 2025A)

where A is the zero field splitting parameter, N the Avogadro number, 3 the Bohr magneton, k the
Boltzmann constant and g is the Zeeman factor for Nd** ions. The fit was performed between 75 K and
300 K (red line in Figure 14a,b), and the best refined values A are equal to 2.79(1) cm ! and 3.06(1) cm !
for [Nda(L)(0x)(NO3)(H,0)3][NOs] and [Nd(L)(ox)(H>0O)]-HO, respectively. These values are slightly
higher than those encountered in the literature [33,44].

®)

X=

2.8. Discussion

In the case of the samarium nitrate (see Figure 15), one structure [Sm(L)(0ox)(H,O)]-H,O is
obtained when oxalic acid is added to the reaction medium whatever the nature of the imidazolium
ligand (i.e., zwitterionic [HL] or chloride salt [H,L][Cl]). When the same reaction is realized without
oxalic acid, the formation of a gel is observed whatever the nature of the imidazolium ligand ([HL]
or [HoL][CI]).

In the case of the neodymium nitrate (see Figure 15), the situation is slightly different and more
complicated since three different structures are obtained depending on the synthesis conditions.
In the presence of oxalic acid, the use of imidazolium ligand in its zwitterionic form [HL] leads to
the formation of the pure phase [Ndy(L)(0x)(NO3)(H20)3][NO3], while the use of the imidazolium
ligand in its chloride form [H,L][Cl] leads to a biphasic product, where the two phases have
been identified as being [Nd(L)(ox)(H,O)]-H,O and [Nd(L)(0x)o5(H20);][Cl]. In the absence of
oxalic acid, the same reaction realized with [HL] leads to a gel, while the use of [HyL][Cl] leads
to crystallized [Nd(L)(ox)(H20)]-H,O, which is isostructural to [Sm(L)(0x)(H,0O)]-HO. The in situ
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formation of the oxalate ligand is worth noticing here. Such an occurrence was previously reported and
attributed to four possible main mechanisms: (i) the decomposition of the organic species [44,51,52];
(ii) the decarboxylation of the organic species followed by a reductive coupling of the carbon
dioxide [53]; (iii) the oxidation of ethanol in the presence of nitrate anions [54]; and (iv) the hydrolysis
followed by an oxidation and a decomposition of the organic species [55]. However, in the conditions
used here in the presence of nitrates and alcohol, it is difficult to discuss these mechanisms further.

[HL] ————— > Gel

[HL] + Hyox ——— [Nd(L)y(0x)(NO3)(H,0);][NO;]

Nd(NO;);.6H,0 [HoL][C]] + Hyox — [Nd(L)(0x)o.5(H,0),][C1] + [Nd(L)(0x)(H,0)].H,0

[H,L][CI]

[HLICT] + Hyox — [Ln(L)(ox)(H,0)].H,0
2 2 with Ln = Nd, Sm

Sm(NO,)5.6H,0 [HL] + H,0x

[H,L][C]] or [HL] — Gel

Figure 15. Recapitulative scheme indicating the compounds obtained in the water/ethanol mixture as
a function of the synthesis conditions.

Nevertheless, in light of our results, it appears that the nature of the coordination networks
obtained depends on three factors, which are more or less entangled: (i) the nature of the imidazolium
ligand; (ii) the presence or not of oxalic acid in the parent mixture; and (iii) the nature of the lanthanide.
Concerning the compounds obtained with Sm>* ions, the situation is relatively simple since obtaining
crystalline networks depends mainly on the presence or absence of oxalic acid. However, the situation
is more complicated for the compounds obtained with Nd** ions. It is difficult to draw definitive
conclusions, but it seems that the chloride anion of the imidazolium salt plays a role in the formation
of the oxalate ligand and is in competition with the oxalate ligand when they are both present as
starting reactants.

The modification of the obtained structures through the conditions of reaction leads for the
compounds based on Nd3* ions to the quenching of the luminescence properties. Indeed, in the case
of [Nd(L)(0ox)(H,0)]-H,O, the luminescence is quenched due to the presence of free water molecules,
which is not the case with [Ndy(L)(0x)(NO3)(H20)3][NO3] possessing free nitrate anions. On the
other hand, the magnetic behavior stays almost identical whatever the structure and is typical of
isolated 4f ions with low antiferromagnetic interactions (through the oxalate ligand essentially) for
the [Sm(L)(ox)(H20)]-H,O. The value of these antiferromagnetic interactions is in the same range
than those reported in the literature [33,44]. Moreover, the detailed study of the luminescence allows
corroborating the approximation of free ion used in the analysis of the magnetic data.
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3. Experimental Section

3.1. Materials and Methods

1-trimethylsilylimidazole, methyl chloroacetate, glycine, paraformaldehyde, glyoxal (40%) and
Nd(NO3)3-6H,O were purchased from Alfa Aesar (Haverhill, MA, USA) and were used as received.

Elemental analyses for C, H and N were carried out at the Service de Microanalyses of the
Institut de Chimie de Strasbourg (Strasbourg, France). The SEM images were obtained with a JEOL
67000F (Tokyo, Japan) scanning electron microscope (SEM) equipped with a field emission gun (FEG),
operating at 15 kV in composition mode. FTIR spectra were collected on a Perkin Elmer Spectrum
Two UATR-FTIR (Waltham, MA, USA) spectrometer. UV-Vis-NIR studies were performed on a Perkin
Elmer Lambda (Waltham, MA, USA) 950 spectrometer (spectra recorded in reflection mode using a
150-mm integrating sphere with a mean resolution of 2 nm and a sampling rate of 225 nm-min~1).
TGA-TDA experiments were performed on a TA instrument SDT Q600 (New Castle, DE, USA) (heating
rate of 5 °C-min~! under air stream). NMR spectra in solution were recorded using a Bruker AVANCE
(Billerica, MA, USA) 300 (300 MHz) spectrometer. Photoluminescence (PL) and photoluminescence
excitation (PLE) measurements were performed using a broad-spectrum Energetiq® EQ-99FC (Woburn,
MA, USA) laser-driven light source (LDLS™) spectrally filtered by a monochromator. The PL signal
was dispersed in a spectrometer and detected by a cooled charge coupled device (CCD) camera.
Magnetic measurements were performed using a Quantum Design (Quantum Design, Inc., San Diego,
CA, USA) SQUID-VSM magnetometer. The static susceptibility measurements were performed in
the 1.8 K-300 K temperature range with an applied field of 0.5 T. Samples were blocked in eicosane
to avoid orientation under a magnetic field. Magnetization measurements at different fields and at
the given temperature confirm the absence of ferromagnetic impurities. Data were corrected for the
sample holder and eicosane, and diamagnetism was estimated from Pascal constants. The powder
patterns were collected on a Bruker (Billerica, MA, USA) D8 diffractometer (Cu K« = 1.540598 A).
Details for crystal data, data collection and refinement are given in Table 1. The diffraction intensities
were collected with graphite-monochromatized Mo Ko radiation (A = 0.71073 A). Data collection and
cell refinement were carried out using a Kappa Nonius (Billerica, MA, USA) CCD diffractometer at
room temperature. Intensity data were corrected for Lorentz-polarization and absorption factors.
The structures were solved by direct methods using SIR92 [56] and refined against F? by full-matrix
least-squares methods using SHLEXL-2013 [57] with the anisotropic displacement parameter for all
non-hydrogen atoms. All calculations were performed by using the Crystal Structure crystallographic
software package WINGX [58]. The structures were drawn using Mercury [59] or Diamond. All
hydrogen atoms were located on the difference Fourier map and introduced into the calculations as
the riding model with isotropic thermal parameters. Crystallographic data for the structures reported
have been deposited in the Cambridge Crystallographic Data Centre with CCDC reference numbers
1515568, 1515569, 1515570, 1515571 for [Nda(L)2(0ox)(NO3)(H20)3][NOs], [Nd(L)(0x)o5(H20)][C1],
[Nd(L)(ox)(H,0)]-H,0O and [Sm(L)(ox)(H,O)]-H,O, respectively.

3.2. Synthesis

3.2.1. Synthesis of 1,3-Bis(carboxymethyl)imidazolium Chloride [H,L][Cl]

[H,L][Cl] was synthesized as previously described [31,60].

3.2.2. Synthesis of 2-(1-(Carboxymethyl)-1H-imidazol-3-ium-3-yl)acetate [HL]

[HL] was synthesized according to the modified protocols published in the literature [61,62].

Glycine (20 mmol), glyoxal (10 mmol) and paraformaldehyde (10 mmol) were dissolved in 10 mL
of water. The mixture was heated at 90 °C during 7 h. The solution was concentrated, and then,
the powder was obtained with the addition of ethanol (5 mL). The brown powder was recovered by
filtration and dried overnight. Yield: 65%.
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Elemental analysis for [HL]: C;HgN,O4 found (calc.) (%): C 45.20 (45.65), H 4.41 (4.34), N 14.88
(15.21). 'TH NMR (D,0): 4.91 (s, 4), 7.43 (d, 2), 8.76 (s, 1) ppm. 13C NMR (D,0): 50.74, 122.86, 137.20,
170.73 ppm.

3.2.3. Synthesis of [Ndz(L)z(OX)(NOg)(H20)3][NO3]

[HL] (0.5 mmol), Nd(NO3)3-6H,0 (0.5 mmol) and oxalic acid (0.25 mmol) were dissolved in a 1:1
water/ethanol mixture (1.5 mL). The mixture was sealed in a Teflon-lined stainless steel bomb (6 mL)
and heated at 393 K for 72 h. After cooling to room temperature, the bomb was opened, and colorless
crystals were recovered by filtration and washed with ethanol. Yield: 45%.

Elemental analysis for [Nd2 (L)z(OX)(NOg)(HQO)g,][NOg] '2.9H202 C16H25‘8N6023.9Nd2
(M =972.68 g/mol) Found (Calc.) (%): C 19.42 (19.74), H 2.53 (2.65), N 8.14 (8.63).

3.2.4. Synthesis of [Nd(L)(ox)(H,0)]-H,O

Nd(NO3)3-6H,O (0.5 mmol) and [H,L][CI] (0.5 mmol) were dissolved in a mixture water/ethanol
(1:1 vol; 1.5 mL). The mixture was sealed in a Teflon-lined stainless bomb (6 mL) and heated at 393 K for
72 h. After cooling to room temperature, the bomb was opened, and colorless crystals were recovered
by filtration and washed with ethanol (10 mL). Yield: 9.1%.

Elemental analyses: [Nd(L)(ox)(H20)]-2.1H,0: CoH13,N20111Nd; (M = 471.04 g/mol) found
(calc.) (%): C22.52(22.93), H 2.56 (2.80), N 6.32 (5.95).

3.2.5. Synthesis of [Nd(L)(0x).5(H,O)][Cl]

Nd(NO3)3-6H,O (0.5 mmol), oxalic acid (0.25 mmol) and [H, L][CI] (0.5 mmol) were dissolved in a
mixture water/ethanol (1:1 vol; 1.5 mL). The mixture was sealed in a Teflon-lined stainless bomb (6 mL)
and heated at 393 K for 72 h. After cooling to room temperature, the bomb was opened, and colorless
crystals of [Nd(L)(0x)o.5(H2O)][Cl] and [Nd(L)(ox)(H20)]-HyO were recovered by filtration and washed
with ethanol (10 mL). These two compounds are colorless and without any shape difference. It was not
possible to separate the two phases. No analysis was performed on the compounds obtained during
this reaction.

3.2.6. Synthesis of [Sm(L)(ox)(H,0)]-H,O

Sm(NQO3)3-6H,0 (0.5 mmol), [H,L][Cl] (0.5 mmol) and oxalic acid (0.25 mmol) were dissolved in a
mixture water/ethanol (1:1 vol; 1.5 mL). The mixture was sealed in a Teflon-lined stainless bomb (6 mL)
and heated at 393 K for 72 h. After cooling to room temperature, the bomb was opened, and colorless
crystals were recovered by filtration and washed with ethanol (10 mL). Yield: 9.1%.

Elemental analyses: [Sm(L)(ox)(H;0)]-HyO: CoH;1N2O19Sm; (M = 457.35 g/mol) found (calc.)
(%): C 23.46 (23.61), H 2.44 (2.40), N 5.89 (6.12).

4. Conclusions

The synthesis and the characterization of four new hybrid networks based on imidazolium
dicarboxylate salts and Nd3* or Sm3* ions have been reported. The effect of the nature of the
imidazolium salts, of the lanthanide ions, as well as of the presence of oxalic acid has been highlighted
for the obtained networks. For the Sm3* ions, the compound [Sm(L)(ox)(H,0)]-H,O is obtained
only in the presence of oxalic acid whatever the nature of the imidazolium salt. For the compounds
based on Nd>* ions, three different compounds can be obtained according to the reaction conditions.
In the presence of oxalic acid, the chloride form of the imidazolium salt leads to a biphasic product
constituted of [Nd(L)(0x)g5(H,O)][Cl] and [Nd(L)(ox)(H,O)]-H,O, while the zwitterionic form leads
to the formation of [Nd5(L)>(0x)(NO3)(H,0)3][NO3]. The formation of [Nd(L)(ox)(H,0O)]-H,O is also
observed in the absence of oxalic acid with the imidazolium salt in its chloride form. The modulation of
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the obtained structures through the conditions of the reaction leads to the quenching of the luminescent
properties for the Nd**-based compounds ions, while the magnetic behavior stays almost identical.

Supplementary Materials: The following are available online at www.mdpi.com/2312-7481/3/1/1/s1, Figure S1:
Comparison of the calculated pattern from single crystals X-ray data (black line) and of the experimental
powder X-ray diffraction patterns for the compound (a) [Ndy(L)2(0x)(NO3)(H20)3][NO3] (blue line) and
(b) [NA(L)(ox)(H20)]-H7O (red line) and [Sm(L)(ox)(H,0)]-H,O (orange line). The green vertical lines indicate
the position of the calculated diffraction lines, Figure S2: Comparison of the calculated pattern from single crystals
X-ray data (black line) for [Nd(L)(0x)q5(H2O)][Cl] (black line) and [Nd(L)(ox)(H,O)]-HyO (green line) and of
the experimental powder X-ray diffraction pattern (red line) of the sample coming from the reaction between
[H>L][Cl], Nd(NO3)3-6H,O and oxalic acid, Figure S3: FTIR spectra of [Nd,(L),(0x)(NO3)(H,0)3][NO3] (blue line),
[Nd(L)(ox)(H20)]-HO (orange line) and of [H,L][Cl] (black line) (a) on the range between 4000 em™! and 400 cm !
and (b) enlargement of the range between 3500 em 1 and 2500 cm 2, Figure S4: SEM images in composition for
the compounds (a) [Ndy (L), (0x)(NO3)(H20)3][NOs], (b) [Sm(L)(0ox)(H,0)]-H,O and (c) [Nd(L)(ox)(H,O)]-H,O.
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